Expansion of a poly-glutamine (polyQ) repeat in a group of functionally unrelated proteins is the cause of several inherited neurodegenerative disorders, including Huntington's disease. The polyQ length-dependent aggregation and toxicity of these disease proteins can be reproduced in Saccharomyces cerevisiae. This system allowed us to screen for genes that when overexpressed reduce the toxic effects of an N-terminal fragment of mutant huntingtin with 103 Q. Surprisingly, among the identified suppressors were three proteins with Q-rich, prion-like domains (PrDs): glycine threonine serine repeat protein (Gts1p), nuclear polyadenylated RNA-binding protein 3, and minichromosome maintenance protein 1. Overexpression of the PrD of Gts1p, containing an imperfect 28 residue glutamine-alanine repeat, was sufficient for suppression of toxicity. Association with this discontinuous polyQ domain did not prevent 103Q aggregation, but altered the physical properties of the aggregates, most likely early in the assembly pathway, as reflected in their increased SDS solubility. Molecular simulations suggested that Gts1p arrests the aggregation of polyQ molecules at the level of nonfibrillar species, acting as a cap that destabilizes intermediates on path to form large fibrils. Quantitative proteomic analysis of polyQ interactors showed that expression of Gts1p reduced the interaction between polyQ and other prion-like proteins, and enhanced the association of molecular chaperones with the aggregates. These findings demonstrate that short, Q-rich peptides are able to shield the interactive surfaces of toxic forms of polyQ proteins and direct them into nontoxic aggregates.
Expansion of a poly-glutamine (polyQ) repeat in a group of functionally unrelated proteins is the cause of several inherited neurodegenerative disorders, including Huntington's disease. The polyQ length-dependent aggregation and toxicity of these disease proteins can be reproduced in Saccharomyces cerevisiae. This system allowed us to screen for genes that when overexpressed reduce the toxic effects of an N-terminal fragment of mutant huntingtin with 103 Q. Surprisingly, among the identified suppressors were three proteins with Q-rich, prion-like domains (PrDs): glycine threonine serine repeat protein (Gts1p), nuclear polyadenylated RNA-binding protein 3, and minichromosome maintenance protein 1. Overexpression of the PrD of Gts1p, containing an imperfect 28 residue glutamine-alanine repeat, was sufficient for suppression of toxicity. Association with this discontinuous polyQ domain did not prevent 103Q aggregation, but altered the physical properties of the aggregates, most likely early in the assembly pathway, as reflected in their increased SDS solubility. Molecular simulations suggested that Gts1p arrests the aggregation of polyQ molecules at the level of nonfibrillar species, acting as a cap that destabilizes intermediates on path to form large fibrils. Quantitative proteomic analysis of polyQ interactors showed that expression of Gts1p reduced the interaction between polyQ and other prion-like proteins, and enhanced the association of molecular chaperones with the aggregates. These findings demonstrate that short, Q-rich peptides are able to shield the interactive surfaces of toxic forms of polyQ proteins and direct them into nontoxic aggregates.
protein aggregation | protein misfolding | neurodegeneration | prion | polyglutamine proteins E xpansion of a poly-glutamine (polyQ) repeat in otherwise unrelated proteins is the cause of several inherited neurological disorders, including Huntington's disease (HD), spinobulbar muscular atrophy, dentatorubral-pallidoluysian atrophy, and spinocerebellar ataxias 1, 2, 3, 6, 7, and 17 (1) . In all these cases, increasing the length of the polyQ repeat over a critical threshold (above 37 Q in HD) (2) results in disease manifestation, with the length of the repeat correlating inversely with age of disease onset (3) .
According to the gain-of-toxic function theory, the polyQ expansions increase aggregation propensity and confer to the disease proteins the ability to populate one or more toxic conformations, most likely including various oligomeric and higherorder aggregate states. These aggregate species vary greatly in number of monomeric units, detergent solubility, binding of dyes, and identity and mobility of interacting proteins (4) (5) (6) . A prominent hypothesis suggests that the pathologic protein aggregates expose novel, highly interactive surfaces that mediate aberrant interactions with other proteins, resulting in their functional impairment and sequestration (7) (8) (9) . Moreover, the aggregation process is thought to interfere with general protein quality control pathways, including protein folding and the clearance of misfolded proteins (10-13).
The yeast S. cerevisiae has been used extensively as a model to explore the basic mechanisms of toxicity mediated by polyQ expansions. The polyQ length dependence of aggregation has been reproduced in yeast upon expression of N-terminal fragments of huntingtin containing the polyQ stretch (N-Htt) (14, 15) . Interestingly, toxicity, as measured by growth impairment, was found to depend critically on the properties of the sequences flanking the polyQ region (16) . Like mammalian prions, yeast prions are able to cause detectable phenotypes without transmitting any genetic material (17) , and both N-Htt aggregation and toxicity were shown to require the [RNQ + ] prion (18, 19) . Although there are numerous proteins in the yeast proteome that contain Q-rich regions (20) , there is no Htt homolog in yeast. Therefore, any toxic effects observed in this model system on N-Htt expression can be attributed to a gain-of-toxic function.
Although polyQ aggregation is strongly associated with cell toxicity, the exact nature and the conformational properties of the toxic polyQ species remain elusive. To gain insight into the basic mechanisms of polyQ toxicity, we performed an unbiased yeast genetic screen for suppressors of the growth defect caused by the expression of polyQ expanded N-Htt. We identified six genes that reproducibly restored cell growth when overexpressed. Surprisingly, these suppressors include several proteins
Significance
Expansion of a poly-glutamine (polyQ) repeat is the causal mutation of several inherited neurological disorders, including Huntington's disease. In a yeast genetic screen, we identified several proteins with Q-rich, prion-like domains that reduce the toxicity of mutant polyQ proteins when overexpressed. One of these, glycine threonine serine repeat protein (Gts1p), was characterized in more detail. Association with Gts1p did not prevent aggregation but altered the physical properties and the interactome of the aggregates. Specifically, Gts1p expression reduced the sequestration of other prion-like proteins into the polyQ aggregates. These findings link polyQ toxicity in yeast with the coaggregation of prion proteins and show that short Q-rich peptides are able to shield toxic forms of polyQ proteins, directing them into nontoxic aggregates.
with Q-rich sequences, nuclear polyadenylated RNA-binding protein 3 (Nab3p), minichromosome maintenance protein 1 (Mcm1p), and glycine threonine serine repeat protein (Gts1p), which have been suggested to contain candidate prion domains (PrDs) (21) . Consistent with results from molecular modeling, quantitative proteomic analysis revealed that these proteins act by shielding the interactive surfaces of polyQ aggregates, thereby reducing their aberrant interactions with endogenous proteins, including multiple bona fide yeast prions, while promoting their association with molecular chaperones.
Materials and Methods
Suppressor Screen. A yeast genomic DNA multicopy library cloned in YEp13 (22, 23) was transformed into YPH499 + pYES2L-103Q-GFP using a high efficiency transformation protocol (24) . The cells were plated on synthetic complete (SC) selection medium with galactose to induce 103Q-GFP expression. Of 150,000 transformants, about 200 colonies grew. Each of these colonies was then grown on SC selection medium without 103Q-GFP induction with glucose as the sole carbon source. False positives were eliminated by three successive rounds of screening and positive clones were sequenced (SI Materials and Methods).
Interactome Analysis. Yeast cells expressing 103Q-GFP and the suppressor proteins were harvested and lysed. 103Q-GFP was isolated with anti-GFP magnetic beads (Miltenyi). Eluates were desalted and subsequently analyzed by LC coupled to a Q Exactive mass spectrometer (Thermo Fisher) via a nano electrospray source. Data were analyzed using the MaxQuant software (v 1.4.3.19) (25) and label-free algorithms (26) . Raw data were searched against the UniProtKB Yeast FASTA database (06/2012). For more details, see SI Materials and Methods.
Results
A Yeast Screen for Suppressors of polyQ Toxicity. Previous genetic screens in yeast identified 52 nonessential gene deletions that enhanced the toxicity of a polyQ expanded Htt fragment (27) , 28 genes that suppressed toxicity when deleted (28) , and 317 genes that suppressed toxicity when overexpressed under control of a GAL1 promoter (29) . However, overexpression of potential suppressors under the strong GAL1 promoter may lead to variations in copy number of the toxic protein (30) or result in toxicity so that some suppressors may be missed. To overcome these problems, we used a library of genes under the control of their endogenous promoter on a multicopy plasmid, thus resulting in an intermediate expression level (Fig. 1A) . To this end, we expressed a toxic N-Htt-GFP fusion protein with 103 Q, lacking the poly-proline region and containing a N-terminal Flag-tag (103Q-GFP) (Fig. 1B) (16) , under control of a galactose inducible promoter in yeast positive for the [RNQ + ] prion. Expression of 103Q-GFP caused a strong growth defect, whereas an otherwise identical protein containing 25 Q (25Q-GFP) caused no growth impairment ( Fig. 1C) (16, 19) .
A yeast genomic DNA multicopy library (22) was transformed into cells harboring the inducible 103Q-GFP construct (Fig. 1A) . Of 150,000 transformants, ∼200 colonies were able to grow on induction of 103Q-GFP. After elimination of colonies that had lost either the expression of 103Q-GFP or the [RNQ + ] prion, 40 positive clones remained and were analyzed in more detail. Sequencing of the DNA inserts showed that most inserts were selected several times and mapped to 10 different genomic regions, suggesting that the screen was saturated. Four of the isolated inserts encoded genes involved in the metabolism of galactose. These genes were not further analyzed as their expression may have interfered with the expression of 103Q-GFP.
Overview of Screen Results. We identified six different genes that were able to suppress polyQ mediated toxicity (Fig. 1C) , including the Hsp40 chaperone SIS1, the invertase SUC2, a gene with unknown function, SOK1, and three genes that encode proteins with Q-rich domains: NAB3, MCM1, and GTS1.
Sis1p is an essential member of the Hsp40 chaperone family. It functionally cooperates with Hsp70 proteins of the Ssa family and was shown to modulate the aggregation and toxicity of Htt polyQ proteins (14, 19, 31) . We recently identified Sis1p as a strong interactor of mutant Htt and as a critical factor in the degradation of misfolded proteins (32) . The nonessential protein Sok1p has been shown to suppress mutations in a cAMPdependent protein kinase, but its exact function is not known (33) . SUC2 has previously been identified as a suppressor of polyQ-mediated toxicity (29) and encodes a nonessential invertase, which hydrolyzes sucrose into glucose and fructose (34) . Its mechanism of suppression remains unclear.
The identification of Q-rich, but otherwise unrelated, proteins as suppressors of polyQ-mediated toxicity was intriguing. Notably, a recent bioinformatics screen identified Nab3p, Mcm1p, and Gts1p as potentially prion like (21) . Nab3p is a known interactor of expanded polyQ-containing proteins (32, 35) and has an essential role in the termination of RNA polymerase II transcripts (36) . Mcm1p is an essential transcription factor involved in pheromone response and regulation of mating typespecific genes (37) . Strong overexpression of Mcm1p causes growth arrest (38) , but when expressed under control of its endogenous promoter in the multicopy plasmid pRS426, cells grew normally and the growth defect conferred by 103Q-GFP was suppressed (Fig. 1C ). Gts1p is a nonessential transcription factor that has been implicated in several processes including the stress response, sporulation, and the cell cycle (39, 40) . Gts1p was erroneously thought to contain glycine/threonine-serine repeats, but instead contains a Q-rich region including an imperfect glutamine-alanine repeat (QAR) in its C-terminal domain ( Fig.  2A) . Gts1p also contains a Zn-finger motif and an ubiquitinassociated (UBA) domain (40) . The Q-rich sequences of the three suppressors differ from those of bona fide prion domains in proteins such as the eukaryotic release factor Sup35p in that they are not enriched in asparagine (N) (Fig. 2A) .
Q-Rich Domains of Gts1p and Nab3p Are Sufficient to Suppress polyQ Toxicity. The finding that three of the identified suppressors contain uninterrupted polyQ repeats between 9 and 16 residues in length, as well as discontinuous polyQ segments, led us to investigate whether the Q-rich domains of Gts1p, Nab3p, and Mcm1p are sufficient for suppression ( Fig. 2A) . Expression of the Q-rich C-terminal regions of Gts1p or Nab3p was sufficient to rescue cell growth to a similar extent as expression of the fulllength proteins. In contrast, the corresponding construct of Mcm1p failed to suppress (Fig. 2B) . Similarly, the Q-rich prionlike proteins Yck1p and Taf12p (21), as well as the prion domain of Sup35p (S35N) ( Fig. 2A) , also failed to suppress 103Q-GFP toxicity, at least at the expression levels tested (Fig. 2C) . Thus, specific sequence features beyond a compositional bias toward glutamine or the presence of a candidate prion domain must be required for suppression of polyQ toxicity. The Q-rich domains of Nab3p and Gts1p comprise less than 25% of the sequence of the full-length proteins and contain neither the RNA recognition motif of Nab3p nor the Zn-finger and UBA domain of Gts1p. Thus, it seemed likely that these domains suppress the toxicity of 103Q-GFP by a mechanism unrelated to the biological functions of the full-length proteins. In the remainder of this study, we used Gts1p and its C-terminal region (Gts1Q) as a model to investigate this mechanism. Heat shock protein 104 levels have been reported to be altered by Gts1p expression (41) , which might influence the Rnq1p prion status and subsequently reduce 103Q-GFP toxicity. To address this possibility, we investigated whether overexpression of Gts1p alters the prion status of Rnq1p, using Rnq1-GFP as a reporter protein (42) (Fig. S1A ). This conclusion is supported further by the observation that 103Q-GFP remains localized in fluorescent foci when Gts1p is overexpressed (Fig. 3A and Fig. S1B ). In contrast, cells cured of the [RNQ + ] prion by GdmCl treatment showed nearly no visible 103Q-GFP foci (Fig. S1B) (19) .
Gts1p Expression Changes the Aggregation Status of 103Q-GFP. The finding that 103Q-GFP is still present in visible foci on Gts1p overexpression does not exclude the possibility that the presence of Gts1p modifies biophysical properties of the aggregates. The polyQ inclusions that are virtually indistinguishable by light microscopy may nevertheless differ in their physical properties: they may be detergent (SDS) insoluble, containing ordered polyQ fibrils, or detergent soluble, containing structurally amorphous aggregates (15, 43) . Using an established filter trap assay for the detection of SDS insoluble aggregates larger than 0.2 μm (44), we found that expression of Gts1p or Gts1Q strongly reduced the amount of SDS insoluble 103Q-GFP present in cells, whereas expression of the N-terminal Gts1p fragment was without effect (Fig. 3B) . Thus, Gts1p shifts the aggregation properties of the protein from SDS insoluble to SDS soluble aggregate species that still form visible inclusions (Fig. 3A) , without reducing the amount of 103Q-GFP that can be detected by gel electrophoresis (Fig. 3C, input panel) .
To demonstrate that Gts1p interacts directly with 103Q-GFP, we added a myc-tag to the N terminus of Gts1p and Gts1Q (Gts1-myc and Gts1Q-myc) to enable detection. Addition of this tag did not change the Gts1p-mediated rescue of 103Q-GFP toxicity (Fig. S2) . Although Gts1-myc was diffusely distributed in cells expressing 25Q-GFP (Fig. 3A) , in 103Q-GFP expressing cells, Gts1-myc was present in bright fluorescent foci colocalizing with 103Q-GFP. Coimmunoprecipitation experiments confirmed the association of Gts1-myc and Gts1Q-myc with 103Q-GFP (Fig.  3C ), but showed only little association with 25Q-GFP (Fig. S3) . 
103Q-GFP

Gts1-myc
Gts1Q-myc Fig. 3 . Gts1p interacts with 103Q-GFP and modulates its aggregation status. (A) 103Q-GFP and Gts1-myc colocalize in vivo. YPH499 was transformed with plasmids encoding 25Q/103Q-GFP and Gts1-myc. 25Q/103Q-GFP localization is observed via the fluorescent GFP tag (green). Gts1-myc is observed via indirect fluorescence (red). (B) Gts1p expression reduces the amount of SDS insoluble 103Q-GFP. Full-length Gts1p (FL), an N-terminal fragment (N), or a fragment containing the Q-rich C terminus (Q) were preinduced before induction of 103Q-GFP. Cells were lysed and analyzed for SDS insoluble 103Q-GFP by filter retardation assay. (C) Gts1-myc and 103Q-GFP physically interact. YPH499 was transformed with plasmids encoding 103Q-GFP and Gts1-myc or Gts1Q-myc. After lysis, anti-myc antibodies were used for immunoprecipitation (IP), followed by SDS/PAGE and Western blotting using anti-GFP or anti-myc antibodies.
Molecular Modeling of Gts1p-polyQ Interactions. Further evidence for direct interactions between the QA-repeat region of Gts1p and the polyQ tract of Htt was obtained by performing atomistic Monte Carlo simulations using the CAMPARI simulation engine (campari.sourceforge.net) and ABSINTH implicit solvation model and forcefield paradigm (45) . This approach has recently been used to generate accurate insights regarding the early, nonspecific steps that lead to polyQ aggregation (46, 47) and their modulation by sequences flanking the polyQ tract within Htt (48) .
We performed simulations with a polyQ sequence of 35 Q and the imperfect 28 residue QA-region denoted as QAR of Gts1p, present either at a ratio of two molecules of QAR to one molecule of 35Q (a continuous polyQ repeat of 35 Q) or the reverse ratio. The choice of a 35 residue polyQ molecule was made because this allows for simulations that afford reliable and reproducible statistics, and as shown in previous studies, the simulation results are unlikely to vary by increasing or decreasing the polyQ length by five residues vis-à-vis 35Q (46, 47) .
Quantifying the statistics for the occurrence of specific distances of separation between the centers of mass of pairs of molecules provided a measure of interaction strength that can be converted into estimates of dissociation constants. We used cumulative distribution functions (CDFs) to quantify the probability that a pair of molecules will assume a specific intermolecular separation at a temperature of 315 K. According to these CDFs, in simulations with a QAR:35Q stoichiometry of 1:2, we find that the probability of heterotypic (QAR-35Q) interactions is equivalent to the probability of homotypic interactions between 35Q molecules (Fig. 4A) . This result suggests that QAR competes just as effectively for interactions with polyQ as do other polyQ molecules: a finding that is borne out further in simulations with a QAR:35Q stoichiometry of 2:1. Here, we find that QAR molecules prefer interactions with the surfaces of polyQ molecules even in the presence of an additional QAR molecule. Representative conformations drawn from simulations with a QAR:35Q stoichiometry of 1:2 demonstrate the range of interaction modes that are available for QAR to cover the surface of polyQ molecules (Fig. 4B) . It is worth noting that the ensemble is characterized by considerable structural heterogeneity implying that 35Q and QAR molecules can associate while assuming a range of different conformations. This finding provides a rationale for the observation that Gts1p arrests the aggregation of polyQ molecules at the level of SDS soluble, nonfibrillar species. Taken together, the simulations suggest that QAR is a trans-acting cap of polyQ associations that destabilizes intermediates en route to fibrillar species. Interactions of polyQ with QAR presumably generate SDS soluble oligomers with less reactive surfaces. The ability of QA repeats to compete for the surface of polyQ globules within these simulations, in contrast to homotypic interactions between QAR molecules, is supported by the finding that trimers are the dominant species in simulations with a QAR:35Q ratio of 2:1, whereas trimers make up only 50% of the population when the QAR:35Q ratio is 1:2. Importantly, homodimers are prominent when the QAR:35Q ratio is 1:2, whereas heterodimers are preferred over homodimers when the QAR:35Q ratio is 2:1 (Fig. S4) . A more extensive analysis of details that emerge from the simulations coupled with in-depth biophysical investigations along the lines of recent efforts (49) is beyond the scope of the current study and will be published elsewhere.
Gts1p Alters the Interaction Properties of 103Q-GFP. PolyQ proteins are widely thought to exert toxicity by mediating aberrant interactions with other proteins, resulting in their functional impairment and sequestration (7, 8, 32, 50) . Based on the finding that Gts1p coaggregates with 103Q and consistent with the results of the atomistic simulations, it seemed plausible that Gts1p and Gts1Q suppress polyQ toxicity by interfering with such aberrant interactions. To investigate this possibility, we applied MS-based proteomics. We established a quantitative, label-free workflow that allows an unbiased comparison of multiple samples (25, 26) . Using these high accuracy proteomics tools, we quantified the interactome of 103Q-GFP in the absence and presence of Gts1Q expression. Proteins associated with 103Q-GFP were isolated using an anti-GFP antibody coupled to magnetic beads, followed by LC-MS analysis. Interestingly, the group of 103Q-GFP interactors that was most predominantly reduced by expression of Gts1Q (P = 1.28 × 10 −30
) are known yeast prions or proteins containing PrDs (Fig. 5 and Dataset S1) (21) . Sequestration of the PrD containing proteins Sla1p, Sla2p, and Pan1p into aggregates has been suggested to elicit polyQ toxicity by seeding the formation of toxic aggregates (51, 52) . Thus, the reduced interaction of these proteins with 103Q-GFP in the presence of Gts1Q can contribute to the suppression of 103Q-GFP toxicity. It is interesting to note that expression of Gts1Q also reduces the interaction of 103Q-GFP with the three prion-like suppressors identified in our screen (Nab3p, Mcm1p, and endogenous Gts1p), thereby also reversing effects possibly due to functional depletion of these proteins, as has been suggested for Nab3p (35) .
More than half of the proteins reduced in abundance on 103Q-GFP are nuclear proteins. Many are involved in transcription and RNA metabolic processes, suggesting that interference with these functions contributes to polyQ toxicity. Among the proteins that show an increased interaction with 103Q-GFP in the presence of Gts1Q are several chaperone proteins such as the Hsp70s Ssa3p and Ssa4p, the Hsp90 Hsp82p, and its cochaperone Aha1p. However, there was no change in the interaction of 103Q-GFP with Sis1p, which is the only chaperone identified in our suppressor screen. Comparable results were achieved by overexpression of full-length Gts1p (Fig. S5 and Dataset S1). In this . For a given value of X, F(X) quantifies the probability that a specific intermolecular separation will be less than or equal to X. The black and red curves were generated using statistics from simulations with one molecule containing the imperfect glutamine-alanine repeat of Gts1p (QAR) and two 35Q molecules, respectively. The green and blue curves were generated using statistics from simulations with two QAR molecules and one 35Q molecule. (Inset) Zoomed in version of the CDFs to illustrate the quantitative differences and similarities among different curves. It also shows that the distances between the centers of mass are equivalent when each of the F(X) curves reaches their respective plateau value. This result is true irrespective of the stoichiometry in the simulations and the type of interactions, heterotypic vs. homotypic, that are being analyzed. (B) Representative conformations of trimers formed in simulations with a QAR:35Q ratio of 1:2. The molecules are drawn using backbone traces. The 35Q molecules are shown in orange and yellow, respectively, whereas the QAR molecule is colored using green for the alanine (A)/valine (V) residues and purple for the Q residues. The conformations represent the centers of distinct conformational clusters. Below each representative conformation we show the percent probability of sampling the conformational type within ensembles generated at 315 K. Details of the move sets utilized for the simulations analyzed in A and B can be found in Table S1 .
case, the function of Gts1p as transcription factor may alter the composition of the proteome in a manner unrelated to the mechanism described here. The use of Gts1p instead of Gts1Q, for which no tryptic peptides can be detected, allows us to calculate the relative abundances of 103Q-GFP and Gts1p in the interactome. As expected, Gts1p and 103Q-GFP are among the most abundant proteins quantified. The similarity of the normalized MaxLFQ values for Gts1p and 103Q-GFP is consistent with the formation of a 1:1 stoichiometric complex (Fig. S5C) . The displacement of functionally critical nuclear components from the polyQ aggregates by Gts1p in combination with the more effective shielding of the aggregates by molecular chaperones can explain how Gts1p suppresses polyQ toxicity. It is also possible that the reduced interaction of the polyQ aggregates with known prions and PrD containing proteins contributes to the suppression of toxicity.
Discussion
Neutralizing the toxic effects of protein aggregates is a rational strategy in the development of treatments for various neurodegenerative disorders, including Huntington's, Parkinson's, and Alzheimer's diseases. In this study, we performed a yeast screen for suppressors of the toxicity of polyQ protein aggregation without making assumptions about the nature of the toxic aggregate species. Among the six suppressors identified were one Hsp40 chaperone, Sis1p, and three proteins that contain C-terminal domains with interrupted polyQ repeats and a compositional bias toward glutamine ( Fig. 2A) . Interestingly, the C-terminal regions of these proteins were previously predicted to contain PrDs (21) . For two of the proteins, Gts1p and Nab3p, we demonstrated that expression of the Q-rich C terminus alone is sufficient to prevent polyQ mediated toxicity (Fig. 2B) . Thus, these proteins use some shared property of their Q-rich domains to modulate polyQ toxicity, apparently by interacting directly with the polyQ sequence of Htt. Association with the suppressor did not prevent 103Q-GFP aggregation but altered the physical properties of the aggregates. As a result, the association of molecular chaperones of the Hsp70 and Hsp90 systems with the polyQ aggregates was enhanced, and their ability to sequester nuclear proteins was strongly reduced. Protein sequestration into aggregates may lead to an impairment of multiple key cellular pathways and is considered an important mechanism of aggregate toxicity (7, 9, 10, 32, 50, (53) (54) (55) (56) (57) (58) .
The observed ability of Gts1p and Nab3p to suppress polyQ toxicity was not shared by all proteins containing a PrD (Fig. 2C ) (30) , suggesting that it is based on specific sequence properties of the Q-rich domain and its context with flanking sequences. Our observation that the three PrDs of the suppressors identified in our screen are not enriched for N is in agreement with a recent study that demonstrates that the relative Q and N content of overexpressed PrDs is critical for their ability to suppress polyQmediated toxicity (30) . Our molecular simulations indicated that the QA stretch might interact with early polyQ intermediates, thereby modulating their surface properties and preventing the formation of large fibrillar aggregates.
Expression of Gts1p markedly reduced the association of yeast prion proteins with the polyQ aggregates. The prion status has been shown to be required for the efficient aggregation of polyQ expansion proteins in yeast, and it has been suggested that the prion aggregates function by seeding toxic polyQ aggregation (18, 19) . It seems plausible that Gts1p competes with the yeast prions for interaction with polyQ sequences, thereby shifting the aggregation pathway toward formation of more benign aggregates. Two recent screens suggest that expression of a subset of PrD containing proteins additionally modulates the spatial organization of 103Q-GFP foci (30, 35) . At the same time, Gts1p enhances the association of polyQ aggregates with chaperones, which may then cooperate with Gts1p in shielding potentially dangerous surfaces of the polyQ aggregates. Indeed, Gts1Q also reduced the interaction of 103Q-GFP with PrD-containing proteins. A functional depletion of several of these proteins by sequestration into the aggregates has been invoked as a cause of polyQ toxicity (35, 51, 52) .
The striking effect of Gts1p in reducing polyQ toxicity may suggest a biological role for proteins with similar QA-repeat sequence motifs in mitigating potentially toxic polyQ interactions, comparable to what has been described for dominant prion mutants (59) . Although there is no direct mammalian homolog of Gts1p, the human transcription elongation regulator TCERG1/CA150 also contains a long QA-repeat. Interestingly, TCERG1/CA150 was reported to bind to Htt (60) , and overexpression of this transcription factor was shown to protect striatal cells from mutant Htt toxicity in a QA-repeat-dependent manner (61) . Expression of peptides with a specific Q-rich region, like the QA-repeat of Gts1p or TCERG1/CA150, might present a strategy to interfere with Htt toxicity. However, regions with QA-repeats may themselves tend to aggregate, as reflected by the aggregation propensity of Gts1p (21, 62) and Cyc8p, another yeast prion with a QA-repeat (63) . Indeed, expansion of the QA-repeat of TCERG1/CA150 can lead to an earlier onset of HD (60) , presumably by placing a burden on the cellular proteostasis system (10) . Nevertheless, controlled expression of peptides containing specific Q-rich domains may be a way to influence Htt toxicity. Future experiments will have to show whether specific interactions between short peptides containing regions similar to the ones discovered in this study can prevent the formation of toxic aggregates and whether this approach can be developed to benefit patients. 
